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Rab geranylgeranyltransferase (RabGGTase) cata-
lyzes the prenylation of Rab proteins. Despite possess-
ing a single active site, RabGGTase is able to add gera-
nylgeranyl moieties onto each of the two C-terminal
cysteine residues of Rab. We have studied the kinetics of
Rab double prenylation employing a combination of a
novel high pressure liquid chromatography (HPLC)-
based in vitro prenylation assay and fluorescence spec-
troscopy. Transfer of the first geranylgeranyl group pro-
ceeds with a k1  0.16 s
1, while the conversion from
singly to double prenylated Rab is 4-fold slower (k2 
0.039 s1). We found that following the first transfer
reaction, the conjugated lipid is removed from the ac-
tive site of RabGGTase but mono-prenylated RabREP
complex remains bound to RabGGTase with a Kd < 1 nM.
In contrast to the doubly prenylated Rab7REP dissoci-
ation of the mono-prenylated species from RabGGTase
was only weakly stimulated by phosphoisoprenoid.
Based on the obtained rate constants we calculated that
at least 72% of mono-prenylated Rab molecules proceed
to double prenylation without dissociating from
RabGGTase. The obtained data provides an explanation
of how RabGGTase discriminates between mono-
prenylated intermediate and double prenylated
reaction product. It also indicates that the phosphoiso-
prenoid acts both as a substrate and as a sensor govern-
ing the kinetics of proteinprotein interactions in the
double prenylation reaction.
Rab proteins are small GTPases implicated in the regulation
of vesicular traffic (1). To be functional, they have to undergo a
posttranslational modification in which one or, in most cases,
two isoprenoid geranylgeranyl groups are attached to their C
termini (2). Rab geranylgeranyltransferase (RabGGTase or
GGTase type II) catalyzes this reaction. RabGGTase belongs to
a family of prenyltransferases that includes farnesyltrans-
ferase (FTase) and geranylgeranyltransferase type I. These
enzymes are highly conserved in sequence and structure and
possess a single active site (3). Out of this group, only RabGG-
Tase is capable of transferring multiple isoprenoid units onto
one substrate molecule. This is remarkable considering that a
large number of enzymes such as peptide and polyketide syn-
thases have evolved multiple active sites to carry out multiple
rounds of catalysis on a given substrate molecule (4). The Rab
protein can only interact with RabGGTase when complexed to
another protein termed Rab Escort Protein (REP)1 (3, 5). REP
plays a dual role in assisting catalysis and in chaperoning
prenylated Rab to its target membrane. REP, Rab, RabGG-
Tase, and GGpp form a very tight quaternary complex before
prenylation (6, 7). After transfer of two geranylgeranyl moieties
onto C-terminal cysteines of the Rab protein, the ternary com-
plex remains associated until the binding of a new GGpp mol-
ecule stimulates the release of the RabGGREP complex (7).
Separation of prenylated Rab and REP is thought to be assisted
by a putative membrane Rab receptor (8).
In the case of RabGGTase, two principle strategies for double
prenylation using a single active site can be envisaged. In one
case, the mono-prenylated intermediate dissociates from the
enzyme, thus clearing the active site and then reassociates
positioning the unprenylated cysteine for the second round of
catalysis. In this case, the mono-prenylated reaction interme-
diate could theoretically interact with the putative membrane
receptor in the same fashion as naturally mono-cysteine Rab
proteins. However the presence of under-prenylated Rab pro-
teins on the membrane has not been reported so far (9). Ac-
cording to the second model, an internal rearrangement clears
the active site without dissociation of the ternary complex. In
this case the reaction would proceed until all available cysteine
residues are prenylated. We set out to investigate which of the
two principal mechanistic routes is taken by RabGGTase. We
demonstrate that the mono-prenylated intermediate does not
need to dissociate from the RabGGTase. In addition, GGpp
seems to play a major role in preventing the premature disso-
ciation of the mono-prenylated intermediate.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification—Expression of rat RabGGTase
and REP-1 in SF21 cells and subsequent purification was performed as
described (6, 10). Construction of dansyl-labeled Rab7 was performed as
described (11). The GDP bound forms of Rab7 wild type and Rab7C207S
mutant were prepared as described (6). In vitro prenylation and puri-
fication of the doubly prenylated Rab7REP-1 complex was performed
as described (12). Production of mono-prenylated Rab7REP-1 com-
plexes was performed essentially as described and will be reported in
detail elsewhere (12).2
In Vitro Prenylation Assay—All reactions were performed in glass
tubes using the following reaction buffer: 40 mM Hepes, pH 7.2, 150 mM
NaCl, 5 mM dithioerythritol, 3 mM MgCl2, and 0.3% Nonidet P-40
detergent. For kinetic measurements 4 M Rab7-REP-1 complex and 4
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M RabGGTase were preincubated separately for 10 min at 25 °C in the
presence of 20 M GGpp. The reaction was initiated by manual mixing.
After defined time periods, 50 l of the reaction mixture were with-
drawn, quenched by addition of 100 l 0.3% trifluoroacetic acid, and
20% glycerol mix and flash frozen in liquid nitrogen. For analysis, 75 l
of quenched reaction mix were subjected to reverse-phase chromatog-
raphy. Samples were analyzed using a C4, 150  4.6 mm, 15 m LUNA
column (Phenomenx) driven by a Waters 600 s HPLC system. The
column was equilibrated with 95% buffer A (0.1% trifluoroacetic acid in
water) and 5% buffer B (0.1% trifluoroacetic acid in acetonitrile) with a
flow rate of 1 ml/min. After injection and a 2-min wash step, proteins
were eluted with a gradient from 5–70% of buffer B in 15 min. Fluo-
rescence intensity was recorded using a Waters 474 Plus fluorescence
detector. A Waters 2487 diode-array absorbance detector was used
simultaneously to monitor absorbance at 210 nm and 280 nm. The
primary HPLC data analysis was performed by integrating peak areas
using the Waters Millennium software package.
Electrospray Mass Spectrometry—Matrix-assisted laser desorption
ionization-time of flight measurements were carried out in a
PerkinElmer Life Sciences Voyager TM station with the instrument set
in positive ion mode. Samples were desalted by gel filtration on Cen-
triflex cartridges (EdgeBioSystems) equilibrated with distilled water
according to the instructions of manufacture. For measurements, the
protein sample was diluted in a saturated solution of 3,5-dimethoxy-4-
hydroxycinnamic acid in a 70% acetonitrile/0.3% trifluoroacetic acid
mixture.
Processing of HPLC Data—First, the elution positions of REP-1,
Rab7, dansRab7, and RabGGTase were established by individual injec-
tions. Next, the position of doubly prenylated Rab7 was established by
injection of purified Rab7GGREP complex. To correct for differences in
the injection volume and possible losses during the prenylation reaction
and sample handling, peaks for un-, mono- and doubly prenylated Rab7
were normalized using internal standards. Prenylation reaction mix-
ture was injected onto the column, and the changes in concentration of
Rab7 and doubly prenylated Rab7 were determined as the ratio of their
respective peak area of that of REP-1.
A different strategy was used to extract the time course for the
mono-prenylated Rab7, which co-migrated with one of the RabGGTase
subunits. The ratio of the peak containing the mono-prenyl species (14.5
min) to the sum of the two RabGGTase containing peaks at 14.5 min
and 17.9 min was used as a measure for the production and decay of
mono-prenylated Rab7. Due to the nature of the averaging, the tran-
sients for Rab7, REP-1, and RabGGTase are on arbitrary scales.
Analysis of HPLC Data—Rate constants were extracted simulta-
neously from time traces of Rab7, mono-prenylated Rab7 (Rab7G), and
double-prenylated Rab7 (Rab7GG) using a global-fitting approach
based on numerical integration according to a set of differential equa-
tions. Equations 1–3 follow. (See also Scheme 1.)
dRab7
dt
k1*Rab7 (Eq. 1)
dRab7_G
dt
 k1*Rab7_G k2*Rab7_GG (Eq. 2)
dRab7_GG
dt
 k2*Rab7_GG (Eq. 3)
k1
RabGGTase-REP-Rab7GGpp ¡ RabGGTase-REP-Rab7_GGGpp
k2
RabGGTase-REP-Rab7_GGGpp ¡ RabGGTase-REP-Rab7_GG
SCHEME 1
The concentration of substrate, product, and intermediate were related
via an individual scale factor (Scale 1–3) and an individual offset (Offset
1–3): Obs(Rab7)  Scale1 * [Rab7]  Offset1; Obs(Rab7 G)  Scale2 *
[Rab7 G]  Offset2; and Obs(Rab7 GG)  Scale3 * [Rab7 GG]
Offset3. The input script for the program Scientist is available as
supplementary material.
Fluorescence Measurements—Fluorescence measurements were per-
formed with an Aminco SLM 8100 spectrophotometer (Aminco, Silver
Spring, MD). All reactions were followed at 25 °C in 25 mM Hepes, pH
7.2, 40 mM NaCl, 2 mM MgCl2, 10 M GDP and 2 mM dithioerythritol in
1 ml of volume.
Fitting of Titration Data—Simple titrations were fitted to the solu-
tion of a quadratic equation implemented in GraFit4 (Erithacus Soft-
ware). Competitive titrations were fitted in Scientist (MicroMath Sci-
entific Software) to the explicit binding model. The difference between
data and model was minimized using least squares algorithms as de-
scribed (7).
RESULTS
The mechanism underlying double prenylation of Rab pro-
teins has so far remained unclear, largely due to lack of quan-
titative kinetic data. We set out to develop methodology that
would allow quantitative and time-resolved analysis of the
reaction.
Development of the HPLC-based Rab Prenylation Assay—To
develop a quantitative assay suitable for kinetic measure-
ments, we took advantage of the different mobilities of un-,
mono- and doubly prenylated Rab7 on a C4-reversed phase
column. Initially, we used dansyl-labeled Rab7 (dansRab7)
that was synthesized via in vitro protein ligation and was
shown to have very similar properties to the wild type protein
(11, 13). We chose dansRab7 because of its detection ease even
in the case of co-elution with other proteins. For monitoring
fluorescence, the dansyl moiety was excited via fluorescence
energy transfer from tryptophan at 290 nm, measuring emis-
sion at 490 nm.
The elution profile of dansRab7 (14.3 min), REP-1 (15.1 min),
and the two subunits of RabGGTase (14.5 and 17.4 min) is
shown in Fig. 1. When this mixture was supplemented with
GGpp, two new peaks at 15.1 and 17.9 min were observed (Fig.
1). Using the Rab7REP-1 mono-prenylated complex as stand-
ard, we identified the peak eluting at 15.1 min as the mono-
prenylated dansRab7 (data not shown). Thus, in a complex
mixture, the mono-prenylated Rab7 co-eluted with a
RabGGTase subunit. If the prenylation assay was allowed to
proceed to completion, the fluorescent peak at 15.1 min disap-
peared, presumably through conversion into the emerging spe-
cies eluting at 17.9 min (Fig. 2). Using enzymatically doubly
prenylated dansRab7REP-1 complex and prenylated wild type
Rab7REP-1 complex, we were able to confirm that the peak at
17.9 min corresponds to doubly prenylated dansRab7 (data not
shown) (12). Therefore dansRab7, mono-, and doubly prenyl-
ated dansRab7 elute in the order of their hydrophobicity and
their elution positions are very similar to those of wild type
Rab7.
Determination of Rate Constants for Mono- and Double Pren-
ylation—To obtain individual prenylation rate constants, we
carried out experiments using concentrations of GGpp, REP,
Rab7, and RabGGTase far above their respective Kd values (6,
7, 14). Thus, even if dissociation of mono-prenylated Rab7 is a
mandatory step in the mechanism, re-association should be
fast enough not to be rate-limiting. The HPLC chromatograms
obtained as a function of time are shown in Fig. 2. The sub-
strate Rab7 (14.3 min) decays with a transient increase of the
mono-prenylated Rab7 intermediate (15.1 min) and the emer-
gence of a the double prenylated species at 17.9 min. The data
at each individual time point were subsequently processed by
averaging against different internal standards as outlined un-
der “Experimental Procedures.” In particular, the emergence
and decay of the mono-prenylated Rab7 intermediate was fol-
lowed on the basis of the peak ratios of RabGGTase subunits.
This procedure greatly increased the quality of the data and
facilitated extraction of kinetic parameters (Fig. 3, A–C). Ki-
netic analysis was performed using a global-fitting approach
where both rate-constants were simultaneously fitted to the
transients shown in Fig. 3, A–C. The procedure resulted in an
excellent fit resulting in k1  0.16 s
1 for the first prenyl-
transfer step, and k2  0.039 s
1 for the conversion of mono-
prenylated Rab7 into double prenylated Rab7.
The data presented so far here do not allow us to determine
which of the two C-terminal cysteines are prenylated in the
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first step. Previous studies conducted using Rab1a as a sub-
strate demonstrated that there was no strict preference for
either of the cysteines but the N-terminal cysteine was some-
what preferred (15). We decided to re-examine this issue par-
ticularly since, unlike Rab1a where reactive cysteines are po-
sitioned next to each other, the C terminus of Rab7 has the
sequence SCSC. Using the above described prenylation proto-
col we determined the prenylation rates for the single cysteine
mutants Rab7C205S and Rab7C207S (Fig. 4, A and B). When
only the N-terminal cysteine was available, (i.e. the C-terminal
cysteine had been mutated to a serine), the observed prenyla-
tion rate was 0.02 s1. On the other hand if the N-terminal
cysteine was mutated, the single prenylation rate constant was
determined to be 0.06 s1. Based on this data it appears that
the C-terminal cysteine is somewhat preferred over the N-
terminal for the first prenylation event. The implications of
this finding are elaborated on under “Discussion.”
Characterization of Phosphoisoprenoid Binding to the Mono-
prenylated Rab7REP-1RabGGTase Complex—Conversion of
the mono-prenylated Rab protein into the doubly prenylated
form by RabGGTase requires the binding of an additional mol-
ecule of GGpp to the enzyme. We wanted to test whether
association of phosphoisoprenoid with RabGGTase was af-
fected by the protein reaction intermediate bound to the en-
zyme. We tested the affinity of the mono-prenylated Rab7REP-
1RabGGTase2 complex for phosphoisoprenoids. We used a
Rab7C205mutant that had the N-terminal of the two prenylat-
able cysteines mutated to a serine (Rab7-SC). This mutant was
prenylated in vitro and purified either as a complex with REP-1
or, alternatively, as a ternary complex with REP-1 and
RabGGTase.2 We titrated the purified mono-prenylated Rab7
REP-1RabGGTase complex with increasing concentrations of
the fluorescent phosphoisioprenoid mFpp, which had pre-
viously been shown to exhibit properties very similar to GGpp
(7, 16). The resulting titration isotherm was saturable, and
analysis of the stoichiometry indicated that one molecule of
mFpp bound per molecule of the mono-prenylated ternary com-
plex (Fig. 5). Fitting the data to a quadratic equation resulted
in an affinity of 15 nM, which is similar to what has previously
been observed for mFpp binding to double prenylated
Rab7REP-1RabGGTase (7). The fluorescent yield observed for
mFpp binding to RabGGTase or RabGGTase in complex with
double prenylated Rab7-REP-1 was also very similar, suggest-
ing that mFpp binds to the same site in both complexes (data
not shown). The tight binding for mFpp is therefore a clear
indication that the active site in the mono-prenylated ternary
complex is accessible and not blocked by the mono-prenylated
protein.
Determination of the Affinity of Mono-prenylated Rab7-
REP-1 Toward RabGGTase—Next we wanted to determine
how the affinity of the mono-prenylated reaction intermediate
for RabGGTase correlates with the affinities of substrate and
product. This information could help to choose between the two
models of double prenylation. We used two equilibrium com-
petitive titration strategies to obtain these data. In the first set
FIG. 1. A, elution profile of a mixture of dansRab7 (14.3 min), REP-1
(15.1 min) and the RabGGTase (14.5 and 17.4 min) resolved on the C-4
reversed phase column as described under “Experimental Procedures.”
The solid line shows the absorbance monitored at 280 nm, while the
dashed line represents the fluorescence of the dansyl group monitored
by excitation at 290 nm following emission at 490 nm. B, elution profile
of an identical sample supplemented with GGpp and incubated for 10
min at 37 °C. Addition of peaks have been assigned as mono-prenylated
dansRab7 (14.5 min) and doubly prenylated dansRab7 (17.9 min). As in
A, the solid line represent the absorbance channel, while the dashed
line represents the fluorescence channel.
FIG. 2. HPLC analysis of in vitro prenylation reaction
quenched at the defined time points. As indicated by the arrows,
the peak for unprenylated Rab7 (14.3 min) decreases, while the peak for
mono-prenylated Rab7 at 14.5 min transiently increases and then de-
cays. The mono-prenylated Rab7 peaks co-eluted with one subunit of
RabGGTase. Data for the accumulation of this species was extracted
using the absorbance ratio of both subunits. The third arrow indicates
the position of double prenylated Rab7. Data collection was performed
using tryptophan fluorescence (ex.  285 nm/em.  335 nm).
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of experiments, the previously characterized complex between
dansRab7REP-1 was used as a fluorescent reporter (11). In the
first experiment, 300 nM RabGGTase and 1000 nM dansRab7
complexed to REP-1 were premixed and subsequently dis-
placed by addition of purified Rab7GREP-1 (Fig. 6A). Fitting
the data to an implicit cubic equation system resulted in a Kd
of 0.8 nM for binding of the mono-prenylated Rab7-REP-1 com-
plex to RabGGTase. To verify this data in an independent
experiment we employed a second titration strategy for more
accurate Kd determination. In this, experiment both dansRab7-
REP-1 and singly prenylated Rab7GGREP-1 were premixed
and titrated with increasing concentrations of RabGGTase.
Fig. 6B shows the titration isotherm of 0.5 M mono-prenylated
Rab7-REP-1 in the presence of 2 M dansRab7REP-1 titrated
with increasing concentration of RabGGTase. The resulting
curve was sigmoidal, which allowed extraction of the dissocia-
tion constant with high precision. Data analysis using a com-
petitive binding model resulted in an excellent fit, with a Kd of
1.25 nM. These results clearly indicate that the mono-prenyl-
ated Rab7REP-1 complex is bound very tightly to the
RabGGTase.
Determination of the Dissociation Rate Constant of the Mono-
prenylated Rab7—The data obtained up to this point does not
allow us to distinguish between a mechanism in which the
mono-prenylated intermediate dissociates before the second
prenylation step and one were it does not. For instance, the
mono-prenylated Rab7-REP-1 intermediate could be bound
tightly, but dissociate faster than k2 (0.039 s
1), followed by
rapid reassociation and prenylation. To clarify this, the disso-
ciation rate constant of the mono-prenylated Rab7-REP-1 com-
plex from RabGGTase needs to be determined. To this aim, 70
nM of Rab7GREP-1RabGGTase complex in the presence of 2
M GGpp were displaced by addition of 400 nM doubly preny-
FIG. 3. Time courses of unprenylated Rab7 (A), mono-prenyl-
ated Rab7 (B), and doubly prenylated Rab7 (C) in the in vitro
prenylation reaction. The fit was generated by global fitting as
described under “Experimental Procedures” and is shown as solid lines.
FIG. 4. Time courses of mono-prenylation of single cysteine
mutants Rab7C205S (A) and Rab7C207S (B). The fit was generated
by global fitting as described under “Experimental Procedures” and is
shown as solid lines.
FIG. 5. Titration of 60 nM mono-prenylated Rab7REP-1
RabGGTase complex with increasing concentrations of mFpp.
The signal was based on fluorescence energy transfer from tryptophan,
exciting at 290 nm and measuring the emission at 444 nm. Fitting the
data to a quadratic equation yielded a Kd value of 15 nM.
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lated dansRab7REP-1, and changes in the dansyl fluorescence
were monitored (Fig. 7A) (13). The transients were fitted using
a single exponential function resulting in an observed rate
constant of 0.0155 s1. Increasing the concentration of the
displacing agent had no effect on the observed rate constant
(not shown). The observed rate therefore represents the genu-
ine dissociation rate-constant of mono-prenylated Rab7REP-1
complex from RabGGTase. When an identical experiment was
performed in the absence of GGpp the dissociation rate con-
stant of the mono-prenylated Rab7REP-1 complex was deter-
mined as 0.0098 s1 (Fig. 7B).
The dissociation rate constants for the mono-prenylated
Rab7REP-1 intermediate are significantly slower than for the
second prenylation step. As a consequence, the fraction of
mono-prenylated molecules that proceeds directly toward dou-
ble prenylation can be estimated based on kinetic partitioning
as seen in Equation 4.
k2
k2 koff monoprenylated Rab
 0.72 (Eq. 4)
This implies that 72% of the mono-prenylated Rab7 molecules
become prenylated before they can dissociate. However, this
fraction should be viewed as a lower limit. Based on our exper-
iments, we cannot exclude the existence of a further slow step
between the first prenyl transfer and the dissociation of the
mono-prenylated intermediate. Such a step would further slow
down the effective dissociation rate of the mono-prenylated
intermediate, thereby increasing the fraction of molecules that
proceeds to double prenylation without dissociation.
DISCUSSION
The molecular mechanisms underlying double prenylation of
Rab proteins has long remained a puzzle in the field of prenyl-
transferases. It was unclear, in particular, whether the mono-
prenylated Rab intermediate needs to dissociate from the ter-
nary complex in order to enter a second round of catalysis.
Using a novel quantitative in vitro prenylation assay we were
able to quantitate unprenylated, mono-, and double prenylated
Rab7 species in a time-resolved fashion. This assay has a clear
advantage over the traditional in vitro prenylation assays that
monitor the protein-incorporated 3H-geranylgeranyl and do not
allow simultaneous quantitation of unprenylated and prenyl-
ated Rab species (15, 17). On the basis of radioactive assays,
Seabra and co-workers previously determined the steady-state
parameters for prenylation of a variety of Rab proteins by
RabGGTase in the presence of excess of GGpp as kcat  0.032
s1 (18). The assay developed here allows time-resolved anal-
ysis of individual prenylation steps. We found that the rate for
the first prenyl transfer reaction is 0.16 s1, while the second
prenyl transfer is 4-fold slower (0.039 s1). Based on our pre-
nylation data it appears that the second prenylation event is
substantially rate-determining under saturating concentra-
tions of GGpp, REP-1, Rab7, and RabGGTase. We further
analyzed the sequence in which C-terminal cysteines are pren-
ylated and came to the conclusion that although the C-terminal
cysteine is slightly preferred over the N-terminal one, there
appears to be no strict order of first isoprenoid addition. This
finding can be reconciled with earlier observations on the dif-
ference in the C-terminal sequence between Rab1a and Rab7.
It is conceivable that the spacing between the cysteines and the
immediate environment influences which cysteine will be pren-
ylated first. The fact that the prenylation rates of single cys-
teine mutants are slower than the rates for the first and in the
case of Rab7C207S mutant even the second prenylation step of
wild type protein probably indicates that the interaction of the
active site of RabGGTase with the two cysteine motif is more
complex then initially assumed. It is unlikely, however, that
the use of singly prenylated serine mutants will decrease the
FIG. 7. Measurements of the dissociation rate of a mono-pren-
ylated Rab7REP-1RabGGTase complex. A, 70 nM of Rab7 G-
REP-1RabGGTase complex were displaced by addition of 400 nM dou-
bly prenylated, dansRab7REP-1 in the presence of 2 M GGpp. The
reaction was monitored for increase in fluorescence of the dansyl group
(ex.  338 nm/em.  490 nm). The transients were fitted using a
single exponential function resulting in an observed rate constant of
0.015 s1. B, same as A, but GGpp was omitted in the reaction. The
observed rate constant under these conditions was 0.0098 s1.
FIG. 6. Determination of the affinity of the mono-prenylated
Rab7REP-1 complex for RabGGTase. Competitive titrations were
performed exciting the dansyl-fluorophore at 338 nm and measuring
emission at 440 nm. A, 1000 nM dansRab7 and 300 nm RabGGTase
were mixed and subsequently titrated with increasing concentrations of
mono-prenylated Rab7REP-1 complex. Data was fitted to a Kd value of
0.8 nM. B, competitive titration of a mixture of 2000 nM dansRab7
complexed to REP-1 and 500 nM mono-prenylated Rab7REP-1 complex
titrated against increasing concentrations of RabGGTase. Analysis of
the data gave a Kd value of 1.25 nM.
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observed dissociation rate constants for mono-prenylated Rab
proteins. Our initial experiments using a semi-synthetic Rab7
bearing one prenylated and one free cysteine indicate that the
dissociation rates of monoprenylated “wild type” protein and
monoprenylated Rab7 mutant are very similar.3
We further demonstrated that the mono-prenylated
Rab7REP-1 complex is bound very tightly to RabGGTase with
Kd 1 nM. This affinity is very close to that observed for double
prenylated Rab7REP-1 binding to RabGGTase (Kd  2 nM)
(13). The mono-prenylated ternary complex displayed high af-
finity for the GGpp analog mFpp (Kd  15 nM). Tight binding of
the phosphoisoprenoid is only possible when the active site of
transferase is freed of the Rab-conjugated lipid. Thus it ap-
pears that the equilibrium position of the mono-prenylated
RabREP-1 complex bound to transferase favors an unoccupied
active site ready to bind the second molecule of GGpp. This in
turn implies that the active site is cleared immediately after
the first transfer has occurred. It is conceivable that the 5-fold
slower rate observed for the second prenylation compared with
the first is at least partly due to the time required to clear the
active site. To understand whether mono-prenylated RabREP
complex has to separate from RabGGTase in the course of the
prenylation reaction, we determined the dissociation rate con-
stant of the reaction intermediate. We found that the dissoci-
ation rate constant was 0.01 s1 and did not increase signif-
icantly in the presence of GGpp. This is in contrast to the
double prenylated complex, where addition of the new round of
lipid substrate increases the dissociation of the product by
10-fold (13).
Taking dissociation and prenylation rate constants together,
we calculated that the minimal fraction of mono-prenylated
Rab7 molecules that proceed to double prenylation with out
dissociation is 72%. This number should, however, be viewed as
a lower limit. Possible slow isomerization steps positioned after
the first transfer, but before dissociation of the intermediate
could further increase the fraction of molecules that proceed to
double prenylation without dissociation. In comparison to the
single cysteine mutant the second reactive cysteine positioned
for catalysis in the binding site is very likely to establish
additional interactions with RabGGTase and GGpp, thus slow-
ing the dissociation rate. In the case of farnesyl transferase
formation of Zn2-coordinated ionized thiolate leads to a 70-
fold affinity increase of FTase affinity for its protein substrate
(19). The same mechanism could be operational in RabGGTase
owing to the presence of Zn2 in the active site and its role in
the prenylation reaction (20, 21, 22). Therefore, formation of
metal-coordinated proteinlipid substrate complexes with
RabGGTase is very probable and is likely to further slow the
dissociation rates of the mono-prenylated reaction intermedi-
ate essentially ensuring 100% double prenylation without
dissociation.
The finding that the majority of Rab molecules do not disso-
ciate during double prenylation poses another question: how
does the enzyme prevent dissociation of the mono-prenylated
Rabs while retaining the ability to release the fully prenylated
product at a reasonable rate? Examination of the kinetic path-
ways delineated in this work provides an answer (Scheme 1).
Once the quaternary complex of RabGGTase, REP-1, and Rab7
has assembled, the first prenylation step proceeds relatively
rapidly (0.16 s1). After the first prenylation step a new mole-
cule of geranylgeranyl pyrophosphate must bind to the trans-
ferase. On the basis of the rate constants determined for GGpp
binding to RabGGTase we conclude that this binding event is
fast compared with catalysis and release of intermediates (13).
At this point the complex can either dissociate, releasing the
mono-prenylated Rab7-REP-1 complex, or it can undergo pren-
ylation, since a free cysteine is still available. As has been
shown previously, following double prenylation the active site
is cleared, and a third molecule of geranylgeranyl pyrophos-
phate binds rapidly (13). At this point the two cysteine residues
are already prenylated. The third GGpp molecule serves to
increase the dissociation rate of the double prenylated product
thereby reducing its affinity for the enzyme and leading to
product release. The presence of GGpp only increases the dis-
sociation when the double prenylated product is present, while
GGpp has no observable effect on the dissociation rate of the
mono-prenylated intermediate (7). Once both cysteine residues
are prenylated, dissociation of the product is accelerated by the
binding of phosphoisoprenoid. GGpp thereby acts as a specific
activator that determines whether RabGGTase retains or re-
leases the prenylated protein. It should also be pointed out that
in vivo RabGGTase also prenylates Rab molecules possessing a
single cysteine in their C terminus (23). Based on our result
product release would be expected to be rate determining in the
prenylation of these Rab proteins.
RabGGTase has clearly evolved a tightly regulated mecha-
nism for double prenylation that is substantially more complex
than just a repetition of a single prenylation step. It is remark-
able that RabGGTase and the remaining family of prenyltrans-
ferase have almost identical three-dimensional structures but
differ significantly in terms of mechanistic details.
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Supplementary materials 
“Scientist” script  
 
 
 
 
//   Prenylation model: 
/ 
//          k1      k2 
//  S       - >      I   - >     P 
 
 
IndVars:T 
DepVars:S, I, P, AbsI, AbsP, AbsS, test 
Params: k1, k2, eps1, eps2, eps3, offset1, offset2, offset3 
 
// Mass conservation equations 
S=1-(I+P) 
 
AbsS=eps1*S+offset1 
AbsI=eps2*I+offset2 
AbsP=eps3*P+offset3 
 
test1=S+I+P 
 
S' =-S*k1 
I'=S*k1-I*k2 
P' =I*k2 
 
// Initial conditions 
T=0 
S=1 
I=0 
P=0 
test=1 
epsilon1=1 
epsilon2=1 
epsilon3=1 
offset1=1 
offset2=1 
offset3=1 
*** 
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